Background: Intrinsic foot muscle weakness has been implicated in a range of foot deformities and disorders. However, to establish a relationship between intrinsic muscle weakness and foot pathology, an objective measure of intrinsic muscle strength is needed. The aim of this review was to provide an overview of the anatomy and role of intrinsic foot muscles, implications of intrinsic weakness and evaluate the different methods used to measure intrinsic foot muscle strength.
Introduction
Intrinsic foot muscles contribute to the support of the medial longitudinal arch [1, 2] and are thought to work in conjunction with the plantar aponeurosis, plantar ligaments and extrinsic foot muscles to control the stresses on the foot during gait [3] [4] [5] . Intrinsic foot muscle weakness has also been implicated in the development of pes cavus in Charcot-Marie-Tooth disease (CMT) [6, 7] , heel pain [1, 8, 9] , claw toe deformity [10] , hammer toe deformity [10, 11] , and hallux valgus [10, 12, 13] . The level of intrinsic muscle weakness necessary for the development of these deformities and disorders is unknown. To assess the degree of weakness and to determine the effect of strengthening intrinsic muscles, a valid and reliable measure of intrinsic muscle strength is needed. There are diverse methods available for measuring intrinsic muscle properties [3, [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] , but there is lack of agreement regarding the most appropriate measure of strength. Therefore, the aim of this review was to provide an overview of the anatomy and role of intrinsic foot muscles, implications of intrinsic weakness and evaluate the different methods used to measure intrinsic foot muscle strength.
Method
The electronic databases MEDLINE, PubMed, SCOPUS, Cochrane Library and CINAHL were searched between 21 May and 21 June 2012 to locate scientific articles on intrinsic foot muscles and muscle strength measurement. The main search terms and number of articles retrieved are listed in Table 1 , 2, 3, 4 and 5. The search engine PEDro was also accessed and one article [25] was retrieved in the search results. Further articles were identified by hand searching reference lists of the extracted articles. Google Scholar was also searched to identify any relevant unpublished or in press articles using the same search terms as those used in the database searches. The abstracts of the located articles were then read to select the appropriate articles, with full copies of the articles examined if the study was relevant to the research aim.
Fifty three research articles were identified that related to intrinsic foot muscles and strength measurement. Articles had to meet certain criteria for inclusion. The inclusion criteria were as follows.
(i) Research related to the role of intrinsic foot muscles (ii) Research related to the anatomy of intrinsic foot muscles (iii)Research describing the measurement of intrinsic muscles and toe muscle strength or weakness. Papers relating to the intrinsic foot muscle strength were considered initially, but it became apparent that few papers existed. Therefore the search was broadened to include articles relating to the measurement of toe muscles (iv)Publication in peer-reviewed journals (v) Full-text English language articles
Anatomy of the intrinsic foot muscles
The plantar and dorsal intrinsic muscles of the foot have both their origin and insertion within the foot [26, 27] . Intrinsic foot muscles differ from extrinsic foot muscles, which have their origins in the leg and the long tendons cross the ankle joint complex [27] . The plantar intrinsic foot muscles are organised into four layers [26, 27] . The most superficial layer is deep to the plantar aponeurosis and includes the abductor hallucis, flexor digitorum brevis, and the abductor digiti minimi [26] . The second layer consists of the quadratus plantae and the lumbricals. The third layer consists of adductor hallucis transverse, adductor hallucis oblique, flexor hallucis brevis and flexor digiti minimi brevis. The deepest layer consists of the three plantar interossei. All the plantar intrinsic muscles are innervated by the medial and lateral plantar branches of the tibial nerve [27] .
The dorsal intrinsic muscles of the foot can be divided into two layers [26] . The most superficial layer consists of the extensor hallucis brevis and extensor digitorum brevis. The deep layer consists of the dorsal interossei muscles. The extensor hallucis brevis and extensor digitorum brevis is innervated by the deep fibular nerve while the dorsal interossei are innervated by the lateral plantar nerve with the first and second dorsal interossei also receiving part of their innervation from the deep fibular nerve [27] . The dorsal intrinsic muscles have rarely been described in the scientific literature and their function in the foot remains largely unknown [28] . Early EMG studies revealed that the recruitment pattern of the extensor hallucis brevis and extensor digitorum brevis during walking varied significantly between participants, with some participants demonstrating no activation of extensor digitorum brevis during gait [29] . The extensor hallucis brevis and extensor digitorum brevis muscles are now widely used in tissue grafts, such as the island flap to cover soft tissue defects in the distal leg and ankle regions [30] . Therefore, very little is known about the specific roles of dorsal intrinsic muscles and will not be further discussed in this review.
Evolution of the intrinsic foot muscles
It has been hypothesised that during human evolution, toe flexor force and function are gradually diminishing and therefore plantar intrinsic muscles are becoming largely redundant in the foot [31] . In simian primates, toes are longer and have specialised functions, with toes used to climb trees [32] . Conversely humans have shorter phalanges, which may be a morphological adaptation to the reduced prehensile use of toes in shod wearing modern humans [31] . This theory of adaptive changes during human evolution is supported by the findings of a 3.6 million year old partial human foot, where the toes were shorter than the African ape but longer and more curved than the modern human foot [33] . Some authors have suggested that continued function of some intrinsic muscles may reflect incomplete evolutionary processes [12] . However, the existence of muscles like the quadratus plantae disproves this hypothesis. The medial and lateral attachment sites of the quadratus plantae muscle into the calcaneus is unique to humans [34] and quadratus plantae is unique to the foot as there is no analogous muscle in the hand [34] .
Since the flexor digitorum longus tendon enters the foot from the medial side and pulls the toes medially [35] , one theory suggests that the concurrent contraction of the quadratus plantae allows the toes to flex in the sagittal plane by redirecting the pull of the flexor digitorum longus. This is a necessary development for bipedal ambulation [35] . Therefore, the existence of specialised functions for intrinsic muscles, may suggest that intrinsic foot muscles continue to have a role in the modern foot.
Role of intrinsic foot muscles Walking
A number of studies reveal that intrinsic foot muscles are active as a group during walking [3, 4, 36] . A classic electromyography (EMG) study of 12 participants showed that abductor digiti minimi, abductor hallucis, flexor digitorum brevis, dorsal interossei and lumbrical muscles were all active during the stance phase of gait and continued until toe off [3] . A study by Jacob 2001 combined anthropometrical and plantar pressure data to reveal that flexor hallucis brevis (in combination with abductor hallucis) and flexor digitorum brevis muscles are able to exert forces approximately 36% and 13% of body weight during the propulsive phase of walking [37] . However, it is unknown whether these muscles act concentrically or eccentrically [31] or have other actions including toe abduction [38] . Mann and Inman [3] suggested that the role of the intrinsic foot muscles is stabilisation of the foot during propulsion. Intrinsic muscle activity during the propulsion phase of gait coincides with passive metatarsophalangeal (MTP) joint dorsiflexion, as the centre of mass moves anterior to the metatarsophalangeal joint. Rolian et al. [31] and Goldmann and Bruggemann [39] postulated that the role of the intrinsic and extrinsic toe flexor muscles is to counterbalance the dorsiflexion moment of the ground reaction force at the metatarsophalangeal joint, in the push off phase of walking. This may be achieved by eccentric contraction of the long and short toe flexor muscles to control dorsiflexion at the MTP joint and maintain interphalangeal joint extension, to enable flat toes on the ground until toe off [32, 40] . Therefore, by increasing the surface area in contact with the ground, this would improve pressure distribution under the metatarsal heads during walking.
Arch support
The role of intrinsic muscles in the support of the medial longitudinal arch has been investigated in both standing [3] [4] [5] and walking [4, 9] . Early EMG studies revealed that intrinsic foot muscles are not active during standing [3] [4] [5] and the plantar aponeurosis was widely accepted to be the primary structure responsible for arch support during rest [3, 28, 35, 38] . However, a recent EMG study revealed a small amount of activity in abductor hallucis, flexor digitorum brevis and the quadratus plantae muscles during relaxed standing with a significant increase in activity with increased postural demands [41] . Reeser et al. [35] suggested that intrinsic foot muscles act as trusses for the longitudinal arches, to actively resist bending stresses during walking. This hypothesis is supported by the findings that the plantar aponeurosis tension drops significantly during late stance, while the arch height is increasing [42] . The lack of tension during late stance suggests that other structures such as intrinsic foot muscles may contribute to arch support during propulsion. Furthermore a virtual study of the foot using the Finite Element Method has shown that mechanical stresses on the medial and lateral arch can be adjusted by plantar intrinsic muscles [43] . Therefore there is evidence that intrinsic muscles play an important role in the support of the medial longitudinal arch during gait and a small role in relaxed standing.
Implications of intrinsic foot muscle weakness
The next section will review the influence of intrinsic muscle weakness in the development of pes cavus in Charcot-Marie-Tooth disease, lesser toe deformities, hallux valgus and heel pain.
Charcot-Marie-Tooth disease
Charcot-Marie-Tooth disease (CMT) is a peripheral neuropathy, where anatomically distal muscles including the intrinsic muscles are preferentially affected [7] . Weakness of intrinsic foot muscles is a widely accepted pathological finding of CMT and Magnetic Resonance Imaging (MRI) studies have indicated significant atrophy in intrinsic foot muscles [6, 7] . Several authors have hypothesised that intrinsic muscle weakness is an important contributor to the development of pes cavus deformity [44] [44, 45] . One theory suggests that intrinsic muscle atrophy causes dorsiflexion of the MTP joints, due to the unopposed pull of the long extensors of the toe [44] . Dorsiflexion at the MTP joints elevates the longitudinal arch by the windlass effect [44] . The continued imbalance leads to contracture in the plantar fascia and intrinsic muscles, which then pulls the forefoot into plantar flexion, leading to a progressively rigid cavus foot [44, 45] . However, a clear causal relationship between intrinsic muscle weakness and the development of pes cavus foot has not been established and other theories of aetiology exist, such as extrinsic invertor-to-evertor muscle imbalance [7] . Without accurate means of evaluating intrinsic muscle strength, the role of intrinsic muscle atrophy in the development of pes cavus deformity will remain unknown.
Lesser toe deformities
Muscle imbalances between the intrinsic and extrinsic foot muscles have been proposed as the possible cause for lesser toe deformity [10, 11, 46] . Claw toe deformity is characterised by extension at the MTP joint with flexion of the proximal and distal interphalangeal joints [10] . Hammer toe is characterised by an extended MTP joint, flexed proximal interphalangeal joint and normal or extended distal interphalangeal joint [10] . Claw and hammer toe deformities are common in patients with diabetic neuropathy [47] .
In an unaffected foot, the strong extension forces at the MTP joint by the extensor digitorum longus and brevis are balanced by the flexors forces produced by long and short toe flexors [10] . However, intrinsic muscle atrophy results in an imbalance of the extensor forces at the MTP joint, leading to the development of toe deformity [10] . The findings of Kwon et al. [11] support this theory, where participants with hammer toe deformity had greater disparity in the ratio of toe extensor-to-toe flexor muscle strength compared to the unaffected participants. However, other mechanisms for the development of toe deformity have also been suggested such as restrictive footwear [10, 46] , rupture of plantar aponeurosis and joint capsule [10] . These alternative theories are supported by the findings of Bus and colleagues [20] in participants with diabetic neuropathy, whereby no difference in the degree of muscle atrophy was found in patients with and without claw deformity. However, a pilot study by Ledoux et al. [48] reported that both intrinsic muscle atrophy and increased plantar aponeurosis thickness were present in participants with claw toe deformity. Therefore, multiple factors may contribute to foot and toe deformity. Future prospective studies, measuring intrinsic muscle strength and plantar aponeurosis thickness, may help clarify this relationship.
Hallux valgus
Hallux valgus, or bunion, describes a foot deformity characterised by lateral deviation of the great toe at the MTP joint away from the midline of the body [46] . One proposed cause of hallux valgus deformity is a strength imbalance of the abductor hallucis compared to the adductor hallucis transverse and adductor hallucis oblique [12, 13] . When the abductor muscles are weak, it has been suggested that the adductor force becomes dominant, pulling the great toe laterally at the MTP joint [12] . This theory is supported by muscle biopsy findings which revealed histological abnormalities and muscle fibre atrophy in the abductor hallucis muscle in patients with symptomatic hallux valgus deformity [13] . Further studies, assessing muscle strength of the individual intrinsic muscles, are needed to better understand the pathogenesis of hallux valgus.
Heel pain
The role of the intrinsic muscle weakness in the development of plantar heel pain, or plantar fasciitis, is unclear. One theory proposed by Allen and Gross [1] describes a relationship whereby weak intrinsic muscles provide insufficient dynamic truss support to the medial longitudinal arch, causing increased strain on the plantar aponeurosis. A MRI study by Chang et al. [8] of participants with chronic unilateral plantar fasciitis, reported a reduction of intrinsic muscle cross-sectional area in the forefoot of the symptomatic foot in comparison to the pain-free foot. The selected reduction of intrinsic foot muscle cross-sectional area in the forefoot and not the rearfoot is interesting because many intrinsic muscles have attachments into the first ray [8] . The atrophy of the intrinsic muscles may affect the stability of the medial longitudinal arch and therefore impede the healing process by further stressing the plantar aponeurosis [8] .
Hence, intrinsic muscle weakness may play a significant role in chronic heel pain. However, further research, measuring intrinsic muscle strength prospectively, is needed to confirm this hypothesis.
Measurement of intrinsic foot muscle strength
The next section will review the 'direct' and 'indirect' methods of measuring intrinsic muscle strength. The subheading 'direct methods of assessing intrinsic/extrinsic muscle strength' reviews the methods that can directly measure a unit of force or power. However, these 'direct' methods actually measure toe flexion strength which is a combination of intrinsic and extrinsic muscle strength. The subheading 'indirect methods of assessing intrinsic muscle strength' reviews methods that are unable to directly measure force but provide information regarding intrinsic muscle structure and activity.
Direct methods of assessing intrinsic/extrinsic muscle strength
The direct methods reported in the literature include a variety of clinical tests [11, 14, 18, 19, 49, 50] and laboratory based tests [15] [16] [17] . It is clear that the direct methods reported in the literature primarily measure toe flexor muscle force, while other actions such as toe extension and abduction force are rarely measured. Since toe flexor strength is a combination of intrinsic and extrinsic muscle activity all 'direct' methods are actually measuring intrinsic and extrinsic toe muscle strength. A variety of methods have been described that purport to measure toe flexor force: toe hand-held dynamometry; paper grip test; plantar pressure, and the Intrinsic Positive Test [40] .
Toe dynamometry
Toe dynamometry is an objective tool used to measure toe flexor strength. Different methods of using toe dynamometry have been reported including hand-held dynamometry [50] , fixed dynamometry [18] , cuff-based fixed dynamometry [11] and a modified hand grip strength tester [19] . The 'make' technique was used in all studies whereby the dynamometer is held stationary by an examiner or an external attachment and the participants maximally push down onto the dynamometer with their toes [11, 18, 19, 50] . The reliability of all methods except fixed dynamometry has been reported ( Tables 6 and 7) . Toe dynamometry has consistently demonstrated excellent intra-rater reliability, with all ICC values > 0.83 [11, 19, 50] . However, inter-rater reliability has only been reported with hand-held dynamometry, which has shown excellent inter-rater reliability (ICC 0.82 -0.88) [50] .
The different types of toe dynamometers allow testing of different actions of the toes. The procedure used to measure toe flexor strength with hand-held dynamometry involves the dynamometer being positioned beneath the interphalangeal joint of the hallux to measure either greater toe strength or interphalangeal joints two to five, for lesser toe strength [50] . As such hand-held dynamometry allows flexion at the MTP joints and limits flexion at the interphalangeal joint because the dynamometer is placed under the interphalangeal joints. In contrast, the modified hand grip strength tester has a bar around which the toes can be flexed [19] . Cuff based fixed dynamometry involves placing a leather cuff around the proximal phalanx of the toe to be measured [11, 25] . Cuff based dynamometry has been used to measure both toe flexor [11, 25] and extensor muscle strength [11] , as the cuff placement and the alignment of the dynamometer can be altered. Fixed dynamometry consists of a fixed sensor plate on which the participants press their toes [18, 39] .
The different types of toe dynamometry may activate intrinsic muscles to varying degrees because each model promotes different actions of the toes. Cuff-based fixed dynamometry, the modified hand grip tester and fixed dynamometry all allow flexion at the MTP joint, but do not provide a way to limit excessive flexion at the interphalangeal joints. A toe curling action can occur during toe flexor testing, an action which is hypothesised to activate the long (extrinsic) toe flexors [49] . Based on the anatomical insertions of intrinsic foot muscles, primarily the interossei and lumbrical muscles, Garth and Miller [49] postulated that the intrinsic foot muscles contract as a group, to produce flexion at the MTP joint and extension at the interphalangeal joint. This is in contrast to flexion at both the MTP joint and interphalangeal Healthy participants ICC 0.981 n/a n/a n/a n/a n/a n/a Excellent Hammer toe(HT) deformity Vs Matched control ICC n/a n/a 0.88-0.96 n/a n/a n/a n/a Excellent Marathon Runner Vs participants not involved in sport n/a n/a n/a n/a n/a n/a n/a n/a Not reported n/a n/a n/a n/a n/a 0. joint which is an action of the long (extrinsic) flexors of the toes [49] . Studies of the intrinsic muscles of the hand reveal that interossei and lumbrical muscles can be electrically stimulated to produce flexion at the MTP joint and extension at the interphalangeal joint [52] . Based on the similar anatomy of the interossei and lumbrical in the hand and foot, flexion at the MTP joint and extension interphalangeal joint are likely actions of intrinsic foot muscles. Therefore, hand-held dynamometry might activate intrinsic muscles more effectively than other types of toe dynamometry because it promotes flexion at the MTP joint and extension at the interphalangeal joint.
Another important consideration when measuring intrinsic muscle strength is the position of the ankle. Spink and co-workers [50] hypothesised that by passively holding the ankle in maximum plantarflexion, the extrinsic toe flexors are less likely to influence the measurement, because these muscles would be in a maximally shortened position and therefore less able to generate force. This hypothesis is supported by the findings of Goldmann and Bruggemann [39] who revealed that the lowest moments of force were generated around the metatarsophalangeal joints when the extrinsic toe flexor muscles were in a shortened position during maximal ankle and metatarsophalangeal joint plantar flexion. The authors suggested that the lower moments were because the intrinsic toe flexor muscles, rather than the extrinsic toe flexor muscles were primarily producing the moments around the metatarsophalangeal joint.
Paper grip test
The Paper Grip Test involves the participant attempting to hold a standard piece of paper, like a business card, underneath the hallux or lesser toes while the examiner attempts to pull the card away [14, 15] . The Paper Grip Test was first used as a screening tool for intrinsic muscle weakness in leprosy [14] . It has since been used as a measure of toe plantar flexor strength in conjunction with a plantar pressure platform, where the participant performs the Paper Grip Test while sitting with their feet on the platform, which is simultaneously recording forces underneath the toes [15] . The Paper Grip Test has demonstrated excellent interrater (ICC 0.87) and moderate intrarater reliability (ICC 0.56) when assessing participants with leprosy and healthy controls ( Table 7) .
There are a limited number of validation studies of the Paper Grip test as a measure of intrinsic muscle strength. De Win et al. [14] conducted a concurrent EMG test during the paper grip test and revealed that both intrinsic and extrinsic muscles of the foot and ankle were active. Ankle plantarflexor muscle activity may be due to the lack of stabilisation as neither manual stabilisation by the examiner nor straps were used to minimise ankle movement during the study [15] . Furthermore participants may have curled their toes to grip the business card, an action which is hypothesised to activate the long extrinsic toe flexors [49] . Therefore, while the Paper Grip Test is repeatable, it has questionable validity as a measure of intrinsic weakness because is likely to be assessing both intrinsic and extrinsic muscle strength.
Plantar pressures
Plantar pressure sensors can assess the force beneath the toes. Plantar pressure measurement is generally available in two different forms: (1) [54] . Plantar pressure instrumentation has been recently utilised to measure toe flexor strength [15] [16] [17] . Toe flexor strength was calculated using software that converted the pressure data under the toes into peak force, which was then normalised to body weight to determine toe flexor strength. Toe flexor strength was assessed on the pressure platform using two different actions: (1) directly pushing the toe into the platform [16, 17] and; (2) in conjunction with the Paper Grip Test [15] . The testretest reliability of the plantar pressure platform was excellent in both methods to assess both great toe and lesser toe strength ( Table 8 ).
The validity of using plantar pressures to determine intrinsic muscle strength is questionable because the contribution of the extrinsic muscles during the pressure measurement is unknown. Electromyography performed during Paper Grip Test has revealed that some extrinsic toe flexor muscles, particularly the long toe flexors muscles and ankle plantar flexor muscles were active [14] . Therefore the Paper Grip Test, when used in conjunction with plantar pressure measurement, may reflect extrinsic muscle more than intrinsic muscle strength. Therefore, while the plantar pressure platform is a reliable tool, it has not been extensively investigated as a valid measure of intrinsic muscle strength.
Intrinsic positive test
The Intrinsic Positive Test is a qualitative test designed to assess intrinsic muscle function of the lesser toes [49] . The test involves the participant extending the great toe while simultaneously attempting to flex the lesser toes at the MTP joint and extend the interphalangeal joints. The strength of the intrinsic muscles is determined by the type of lesser toe flexion pattern demonstrated which includes either: (1) intrinsic positive pattern, which involves flexion at the MTP joint and extension at the interphalangeal joints; (2) intrinsic negative pattern, where the participant is unable to actively flex the MTP joint and extend the interphalangeal joints [49] . Garth and Miller [49] suggested that the intrinsic negative pattern demonstrated intrinsic muscle weakness. However, the level of strength required to perform the intrinsic positive position is unknown. Furthermore the validity and reliability of the intrinsic positive test has not been investigated and this test has not been cited by any other papers to date. Clearly, the Intrinsic Positive Test has not been extensively investigated as a measure of intrinsic muscle strength and additional research is needed to validate this test.
Indirect methods of assessing intrinsic muscle strength
The indirect methods that will be reviewed are: Magnetic resonance imaging (MRI); computerised tomography (CT); ultrasonography; electromyography (EMG) and muscle biopsy. Indirect methods are generally used to estimate muscle structure (physiological cross sectional area and volume) [6, [21] [22] [23] [24] [55] [56] [57] , activity (EMG) [3] and histochemical properties [13] . Indirect methods can discriminate between intrinsic and extrinsic muscles, but are unable to directly determine force or strength.
Magnetic resonance imaging
Magnetic resonance imaging (MRI) is the method of choice for detecting soft tissue structure and abnormalities [58, 59] . It has been widely used to visualise intrinsic muscles because it has high spatial resolution [7, 20, 21, 55, 57, 60] .
The most commonly used MRI parameter for imaging intrinsic muscle is T1-weighted, which allows a superior contrast to discriminate between muscle and fat [59] .
MRI has been used in three main ways to assess intrinsic muscle atrophy: (1) qualitative observation of muscle atrophy [6, 7] ; (2) five-point scale [20, 22] ; (3) muscle cross-sectional area and volume [55, 57, 60] . Qualitative assessment of MR images in 60 participants with CMT has revealed some degree of fatty infiltration and intrinsic muscle atrophy in all participants [6] . Bus et al. [21] has also visualised intrinsic muscle atrophy in patients with Diabetes Mellitus, using a five point scale where 0 indicates healthy tissue with no atrophy and 4 indicates a foot with almost no muscle tissue visible. This method has been shown to have good reliability (Kappa = 0.94) ( Table 9 ).
The significant limitation of qualitative observations of muscle atrophy and using the five point scale to assess intrinsic muscle atrophy is that conclusions are based on a selected image, which may not be representative of the entire muscle. The MR images of intrinsic foot muscles can be taken in the coronal [6, 7] , transverse [6, 7] and sagittal planes [20, 22] . Since most of the major intrinsic foot muscles originate at the calcaneus and insert onto the proximal phalanges [26] , they do not directly lie in the transverse or sagittal planes. Therefore, the images selected for evaluation may not be representative of the [17] Fallers (F) Vs n/a n/a n/a n/a n/a n/a n/a n/ [15] Young Vs Older participants ICC n/a n/a n/a n/a n/a 0. [16] Healthy participants ICC n/a n/a n/a n/a n/a 0. entire muscle, because the image is of an oblique slice of the muscle. The total volume of intrinsic foot muscles can be calculated by multiplying the total cross sectional area of the muscle, determined from MRI, by the distance between the sections, which is the gap between each MRI slice [55, 57, 60] . The total muscle volume may be more representative of muscle because it is based on the total muscle cross sectional area from each MRI slice and not a single image. Furthermore the MR image can be digitised to outline individual muscles in each slice [62] . However, a study on participants with diabetic neuropathy reported that the segmentation of individual intrinsic muscles was not possible, because most of the muscles were not clearly defined due to the marked intrinsic muscle atrophy [22] . With increasing MRI scanning resolution, future studies may be able to investigate the volumes of individual intrinsic foot muscles.
MRI can also be used to estimate physiological crosssectional area (PCSA) of intrinsic muscles [62] . PCSA have been used in biomechanical models of muscle dynamics such as the Hill-type muscle model to predict muscle force and torque around the ankle [63] [64] [65] and knee joint [63] , but not the joints of the foot. The muscle models require the input of a number of different parameters including PCSA, elastic properties of tendons and EMG signals, which are integrated numerically to produce an estimate of muscle force [64, 65] . The PCSA can be calculated using muscle volume, the fibre pennation angle and the muscle fibre length [62, 65, 66] . However, Ledoux et al. [64] has showed that intrinsic foot muscles have very small pennation angles and would have little influence on the PCSA. Furthermore the fibre length of intrinsic foot muscles have been investigated in cadaver studies [26] and suggest future studies using PCSA and muscle models may allow intrinsic muscle force to be measured.
An important advance in MRI is the fast-cine phase contrast (or dynamic MRI), which allows images to be acquired while the participant performs an action [67] . Dynamic MRI is different from functional MRI, which is used to map brain function using blood-oxygen signals and cerebral blood flow. At present, only the kinematic properties of the foot, primarily the axis of rotation of talocrural and subtalar joints, have been investigated [67] . Also, at this stage, dynamic MRI is performed in a closed unit and the participant must be supine [67] . Therefore, the image acquired cannot represent full weight bearing and only limited actions can be performed inside the MRI unit, such as ankle plantarflexion/dorsiflexion. However, as dynamic MRI technology improves, studies investigating real time imaging of intrinsic muscles during activities like standing and walking may become available. Thus dynamic MRI could lead to a more accurate appreciation of intrinsic muscles during activities and a better understanding of the action of intrinsic muscles in the future.
Computerised tomography
Computerised tomography (CT) is an imaging technique that uses ionising radiation to generate three dimensional images of musculoskeletal structures [59] . CT scans have sufficient resolution to discriminate bone and muscles [59] and have been used in many earlier studies to estimate muscle size [2, 23, 68] . Robertson et al. [23] and Mueller et al. [24] performed CT scans to assess soft tissue density under the second metatarsal shaft, as a proxy measure of intrinsic muscle size in a patient with diabetic neuropathy. However, both studies reported difficulty defining the borders of intrinsic muscles, which may be related to the insufficient contrast resolution of CT scans, compared with MRI [23] . Furthermore, the main limitation of CT to assess intrinsic muscle size is the exposure to harmful ionising radiation [59] .
Ultrasonography
Ultrasonography is a technique that uses mechanically produced longitudinal sound waves to create an image [59] . Ultrasonography has been used to measure dimensional parameters of intrinsic foot muscles including cross sectional area [25, 55, 61, 69, 70] , dorso-plantar thickness [55, 61, 69, 70] and medio-lateral width [61, 70] . Ultrasound has been used to investigate intrinsic muscles as a group [55, 69] such as the muscles between the first and second metatarsal bone including the first dorsal interosseus muscle, adductor hallucis muscle, and the first lumbrical muscle [55] . More recently individual intrinsic muscles have also been investigated: abductor hallucis [25, 61, 69] , abductor digiti minimi [69] , flexor hallucis brevis [69] , quadratus plantae [69] , extensor digitorum brevis [55] . Studies using ultrasonography to measure intrinsic muscle parameters have consistently demonstrated excellent intra-rater reliability ( Table 9 , 10 and 11). A study by Hing et al. [61] revealed good-excellent intra-rater reliability (ICC between 0.64-0.97) in both a high end and portable ultrasound unit when used to assess cross sectional area and muscle thickness in abductor hallucis muscles. Ultrasonography has two main limitations; low spatial resolution of the image [57] , and the quality of the measurement is operator-dependant [59] . The low resolution capabilities of ultrasonography means it cannot identify areas of fatty infiltration in muscles [57] and therefore may over estimate intrinsic muscle size and underestimate intrinsic muscle atrophy. The reliability studies of intrinsic muscle measurement using ultrasonography have assessed between and within session intrarater reliability. However, only ultrasonography studies on measurement of larger intrinsic muscles of the back have demonstrated excellent inter-rater reliability (ICC between 0.85-0.97) [71] . Therefore further research assessing inter-rater reliability, and comparing to MRI of muscle size is required before ultrasonography can be established as a reliable and valid tool for evaluating intrinsic foot muscle parameters.
Electromyography
Electromyography (EMG) has been assessed by noninvasive surface electrodes and invasive intramuscular electrodes [72] . Surface EMG places the electrodes directly on the skin and therefore the signal is a combination of all the muscle fibre action potentials occurring in the muscles underlying the skin electrodes [72] . A surface EMG study by Arinci et al. [12] recorded the mean amplitude of the EMG signal, to make inferences concerning the level of intrinsic muscle activity. The relationship between EMG amplitude and the amount of muscle activity is problematic because the EMG signal amplitude predominately consists of action potentials from the muscle fibres closest to the recording tip of the electrode and may not record activity from all the active muscle fibres [73] . Therefore the mean amplitude of the EMG signal may not be an accurate measure of the level of muscle activity or muscle strength. Intramuscular EMG involves needle electrodes placed directly in the muscle. Most intramuscular EMG studies of intrinsic foot muscles insert needle electrodes into individual muscle bellies [3] [4] [5] 28] . However, only one recent study confirmed the identity of the muscle using real time ultrasonography [41] . Intramuscular EMG can detect intrinsic muscle activation patterns and therefore provide valuable insight into the function of the intrinsic muscles during a particular task. A recent EMG study assessed the activation patterns and mean EMG signal amplitude in abductor hallucis, flexor digitorum brevis, dorsal interossei and quadratus plantae during standing task with increasing postural difficulty. The study revealed increased EMG signal amplitude in all muscles with increasing postural demands of the task, as assessed by deviation of the centre of pressure [41] . The limitation of using needle electrodes is that they record activity from a smaller number of muscle fibres and therefore may not detect subtle muscle contractions [73] . Therefore EMG can detect individual intrinsic muscle activity, but cannot be used to assess intrinsic muscle strength.
Muscle biopsy
Muscle biopsy can be used to detect changes in muscle histology and ultrastructure [74] . Biopsy samples can be stained to assess the relative number, size and distribution of the fibres within the sample and detect atrophied muscle fibres [2, 13, 74] . Hoffmeyer et al. [13] performed muscle biopsies on the abductor hallucis muscles in participants with symptomatic hallux valgus and reported histological abnormalities including muscle fibres atrophy, lipid laden fibres and ultrastructural changes in the mitochondria. However, the limitation of muscle biopsies is that findings may not be representative of the whole muscle belly [74] . Therefore, limited inferences can be made regarding whole muscle behaviour and function solely from muscle biopsy.
Discussion
There is no gold standard method to measure intrinsic muscle strength in the foot. At present methods of measuring intrinsic muscle strength can be categorised as direct and indirect methods. Direct methods are able to quantify [11, [15] [16] [17] [18] [19] 50] or semi-quantify muscle force/strength [14, 49] . The main limitation of direct method is that all direct methods have limited specificity and usually assess global toe flexor strength as they are unable to isolate intrinsic muscle from extrinsic muscle strength. Direct methods such as the paper grip test [14] and plantar pressures [15] [16] [17] , have lower reliability than hand-held dynamometry [50] . In addition, these methods allow the toe curling action to occur during the strength measurement, which is an action associated with the contraction of extrinsic foot muscles [49] . In contrast, hand-held dynamometry has high reliability [50] and allows flexion at the MTP joint and extension at the interphalangeal joint, which is an action hypothesised to activate the foot intrinsic muscles [49] . Therefore, hand-held dynamometry is a promising method of measuring intrinsic muscle strength. However, hand-held dynamometry has some barriers to accurately measure intrinsic muscle strength. First, it is currently unknown which intrinsic muscles are active during the hand-held dynamometry test. Second, it is unclear what action should be performed by the toes to best activate the individual intrinsic muscles during the dynamometry test. Garth and Miller [49] hypothesised that the intrinsic muscle contraction produces flexion at the MTP joint and extension at the interphalangeal. However, this approach has not been directly evaluated in the foot and has only been inferred from studies in the hand. Furthermore hand-held dynamometry has only been used to measure toe flexor strength and not toe extensor or abductor strength. While the implications of toe extensor and abductor weakness of the foot is unclear, an accurate measure of toe extensor, abductor and adductor strength may provide valuable insight into muscle imbalances in evolving foot deformity [11] . Therefore, an ideal method of measuring intrinsic muscle strength must be able to differentiate the strength of intrinsic extensor, adductor and abductor muscles in the foot. Third, it is unclear whether hand-held dynamometry can actually isolate intrinsic muscles during strength testing. While it is unlikely that hand-held dynamometry measures only intrinsic muscle strength, it is important to know the relative contribution of the intrinsic and extrinsic muscles during the measurement. An EMG study with intra-muscular electrodes inserted using real time ultrasound imaging into both intrinsic and extrinsic muscles during dynamometry testing may provide valuable insight into muscle activation patterns of both intrinsic and extrinsic muscles during toe flexor testing. Therefore, isolated intrinsic muscle contraction must be demonstrated before hand-held dynamometry can be accepted as a valid measure of intrinsic muscle strength.
Indirect methods such as imaging modalities [6, [21] [22] [23] [24] [55] [56] [57] , electromyography [3, 12] and muscle biopsy [13] are able to discriminate between intrinsic and extrinsic muscles. Indirect methods can assess muscle morphology [6, [21] [22] [23] [24] [55] [56] [57] , activation patterns [3, 12, 41] and histochemical properties [13] of intrinsic foot muscles. However, indirect methods are unable to directly measure intrinsic muscle strength. Among the imaging modalities, MRI seems to be the most effective method to visualise intrinsic muscles of the foot because of its multiplanar views [58, 59] , safety [2, 58, 59] and high resolution [58, 59] . In contrast, CT uses ionising radiation [2, 58, 59] and has lower contrast resolution compared to MRI [58] . Ultrasonography has the lowest resolution of the three imaging modalities [2, 59, 68] and the reproducibility of the image is operator dependant [59] . Muscle biopsy [13, 74] and intramuscular EMG [73] assess only a small number of muscle fibres and thus the findings may not be representative of the whole muscle. Therefore, it seems MRI is the best indirect method to assess intrinsic muscle morphological properties such as PCSA and volume to identify muscle atrophy. A relationship between muscle volume and its force generating capacity in the foot has only been demonstrated in ankle dorsiflexor and plantar flexor muscles. Other factors such as neural drive and biomechanical consideration such as muscle-tendon length and moment arms of muscles may also impact the force generating capacity of muscles [39, 75] . Biomechanical muscle modelling based on intrinsic muscle morphological data from MRI represents a promising new approach for quantifying intrinsic muscle force in the future [63, 65] . However, one of the main challenges with using mathematical models to predict muscle force depends on the accuracy of its parameters [65] such as muscle fibre length and pennation angle, which are often taken from cadaver studies. At present, muscle modelling has only been used to accurately predict muscle forces and torques around the ankle [65] and knee joints [63] .
Future research direction
This review suggests that at present, there is no adequately validated method of measuring intrinsic muscle strength. The main challenges are that no direct method can isolate intrinsic muscle strength from extrinsic muscle strength, and indirect methods cannot quantify muscle force. Future research in this field would benefit from using a combination of indirect and direct methods to measure intrinsic muscle force, because both measures have their strengths and limitations. For instance, a study comparing muscle architectural information from MRI, muscle modelling estimates of muscle force and muscle activation data from EMG, with the findings of direct methods such as hand held dynamometry would disentangle each method's limitation. Also indwelling EMG during hand-held dynamometry would enable both intrinsic and extrinsic muscle activity patterns to be compared, although this approach has numerous practical and analytical considerations to overcome. Nevertheless, a strong correlation would validate the findings of direct methods used to measure intrinsic muscle strength.
An accurate and reliable measure of intrinsic muscle strength will enable prospective studies to address the causal relationship questions between intrinsic muscle weakness and foot/toe deformity in conditions like Charcot-Marie-Tooth disease [6, 7] , diabetic neuropathy [10, 11, 20] , hallux valgus [10, 12, 13] and heel pain [1, 8, 9] . Furthermore a validated method of measuring intrinsic muscle weakness can guide future research into clinical trials of intrinsic strength training in a variety of clinical populations. Overall, a better measurement of intrinsic muscle strength is necessary to improve the clinical management of these conditions.
Conclusion
In conclusion, measuring intrinsic muscle strength poses many challenges. Most studies have focussed on toe flexor strength as a surrogate measure of intrinsic muscle strength, while other actions of toe muscles have not been assessed. Hand-held dynamometry represents a promising method of estimating intrinsic muscle strength. However, the contribution of extrinsic muscles cannot be excluded from toe flexor strength measurement. Future research should clarify the relative contribution of intrinsic and extrinsic muscles during intrinsic foot muscle strength testing.
